Epilepsy is a prevalent childhood neurological disorder, but there are few prospective quantitative magnetic resonance imaging studies examining patterns of brain development compared to healthy controls. Controlled prospective investigations initiated at or near epilepsy onset would best characterize the nature, timing and course of neuroimaging abnormalities in paediatric epilepsy. In this study, we report the results of a deformation-based morphometry technique to examine baseline and 2-year prospective neurodevelopmental brain changes in children with new and recent onset localization-related epilepsies (n = 24) and idiopathic generalized epilepsies (n = 20) compared to healthy controls (n = 36). Children with epilepsy demonstrated differences from controls in baseline grey and white matter volumes suggesting antecedent anomalies in brain development, as well as abnormal patterns of prospective brain development that involved not only slowed white matter expansion, but also abnormalities of cortical grey matter development involving both greater and lesser volume changes compared to controls. Furthermore, abnormal neurodevelopmental changes extended outside the cortex affecting several subcortical structures including thalamus, cerebellum, brainstem and pons. Finally, there were significant differences between the epilepsy syndromes (localization-related epilepsies and idiopathic generalized epilepsies) with the idiopathic generalized epilepsies group showing a more disrupted pattern of brain structure both at baseline and over the 2-year interval.
Introduction
Longitudinal quantitative MRI investigations of healthy children have shown age, gender and region-specific declines in cerebral grey matter volume along with increases in cerebral white matter volume Paus et al., 1999; Gogtay et al., 2004; Sowell et al., 2003 Sowell et al., , 2004 Lenroot and Giedd, 2006; Toga et al., 2006; Wilke et al., 2006; Shaw et al., 2008; Hua et al., 2009) , the majority of these changes occur in the frontal and parietal regions in late childhood and adolescence (Sowell et al., 2003 (Sowell et al., , 2004 Marsh et al., 2008; Paus et al., 2008; Giedd et al., 2009) . Against this background of normal neurodevelopmental change, prospective investigations have identified patterns of abnormal development in children and adolescents with a variety of clinical conditions including childhood schizophrenia (Rapoport et al., 1999; Greenstein et al., 2006; Gogtay et al., 2008) , autism (Wassink et al., 2007; Gogtay et al., 2008) , attention deficit/ hyperactivity disorder (Castellanos et al., 2002; Shaw et al., 2006 Shaw et al., , 2007 van't Ent et al., 2007) , very low birth weight (Peterson et al., 2000; Ment et al., 2009) , childhood-onset schizophrenia and bipolar disorder (Gogtay et al., 2007; Lazaro et al., 2009) .
Epilepsy is a prevalent childhood neurological disorder (Shinnar and Pellock, 2002) , but there are few prospective quantitative MRI studies examining patterns of brain development compared to healthy controls. Cross-sectional studies of children with chronic localization-related epilepsy (LRE) using traditional volumetrics and voxel-based morphometry have revealed abnormalities in the overall cerebrum, cerebellum, frontal and temporal lobes, hippocampus, amygdala, and thalamus (Lawson et al., 1997 (Lawson et al., , 1998 (Lawson et al., , 2000a Cormack et al., 2005; Daley et al., 2006 Daley et al., , 2008 Guimaraes et al., 2007) . Similar cross-sectional investigations of children, adolescents and young adults with idiopathic generalized epilepsies (IGE) including childhood absence and juvenile myoclonic epilepsy have reported distributed patterns of abnormality predominantly affecting thalamus and frontal lobe (Betting et al., 2006a, b, c; Tae et al., 2006 Tae et al., , 2008 Kim et al., 2007; Pardoe et al., 2008; Caplan et al., 2009a, b; de Araú jo Filho et al., 2009; Pulsipher et al., 2009) . Collectively, these studies clearly indicate a neurodevelopmental contribution to anatomic abnormalities that have been observed in adults with these syndromes of epilepsy (Hermann et al., 2009) , but the onset and course of their emergence remains uncertain.
Controlled prospective investigations initiated at or near epilepsy onset would best characterize the nature, timing and course of neuroimaging abnormalities in paediatric epilepsy. In the only longitudinal investigation to date, expansion of cerebral white matter volume was found to be slowed in children with epilepsy over a 2-year interval, especially in frontal regions, with normal appearing reduction in grey matter volumes (Hermann et al., 2010) . While clearly indicating abnormalities in brain development in children with uncomplicated epilepsies, the techniques used likely understated the amount of developmental abnormality as only gross total volumes of cortical lobar grey and white matter were examined and no information was provided regarding subcortical structures or cerebellum. In addition to a broader characterization of neural structures, it is certainly possible that a more sophisticated examination of the cortical mantle and associated white matter, as well as subcortical structures and cerebellum using voxel-based approaches might identify localized or lateralized areas of abnormalities not detected in total lobar analyses.
To that end, we report the results from the use of a deformation-based morphometry technique to examine brain neurodevelopment in children with new and recent onset LRE and IGE. Deformation-based morphometry is a relatively new image analysis technique that can be used to identify regional structural differences in the brain either cross-sectionally (i.e. baseline status) or over time (i.e. prospective neurodevelopmental change) (Leow et al., 2006; Studholme et al., 2006) across groups from the gradients of the deformation fields that warp images. Widely used voxel-based morphometry relies on the automated segmentation of images into grey matter, white matter and cerebrospinal fluid density maps and a rough transformation of grey matter density map of a subject's brain into a target space. This approach can be particularly problematic in longitudinal studies as white matter tissue expansion or shrinkage causes changes in the location of overlying grey matter and subcortical grey matter. For these reasons, voxel-based morphometry is suboptimal for investigating prospective white matter changes or determining subcortical involvement in prospective neurodevelopmental changes. Recent improvements in image alignment allow a much more precise transformation of a subject's brain into a target space with deformation-based morphometry used to provide more direct quantitative maps of anatomical variation (Studholme et al., 2004) . By avoiding the need for image segmentation and using robust registration methods, deformation-based morphometry is a more suitable and sensitive technique for investigating anatomical variation in prospective neurodevelopmental changes in epilepsy.
Our hypotheses were as follows: (i) abnormalities in the rate of white matter expansion would be replicated in the frontal lobes of children with epilepsy, but additional areas of slowed white matter development would be identified as well; (ii) discrete areas of grey matter volume over-and under-expansion would be identified in the children with epilepsy, but abnormalities in white matter expansion rate would remain the key abnormality; (iii) abnormalities in prospective neurodevelopmental change would be identified in subcortical structures with the thalamus among the most likely affected structure; and (iv) differences in prospective neurodevelopmental change would be more pronounced in children with IGE compared to children with LRE.
Finally, there is evidence that the rate of prospective neurodevelopmental change is related to baseline anatomic characteristics and abnormalities that may vary across different brain regions (Shaw et al., 2008) . Therefore, more precise estimates of group differences in prospective neurodevelopmental change will result if there is consideration and control of group differences in baseline brain status. To that end, we identified and then controlled for baseline group differences as a spatially varying covariate in the analyses of prospective brain development in testing these hypotheses.
Materials and methods

Subjects
Research participants included children with new/recent onset epilepsy (n = 44) and healthy first-degree cousin controls (n = 36), aged 8-18 years, all attending regular schools. Initial selection criteria included: (i) diagnosis of epilepsy within the past 12 months; (ii) chronological age between 8 and 18 years; (iii) no other neurological disorders; and (iv) normal clinical MRI. Epilepsy participants met criteria for classification of idiopathic epilepsy in that they had normal neurological examinations, no identifiable lesions on MRI and no other signs or symptoms indicative of neurological abnormality (Engel, 2001) . The epilepsy group contained 24 children with LRE and 20 with IGE. Six children in the IGE group were diagnosed with childhood absence epilepsy and 14 with juvenile myoclonic epilepsy. The LRE group comprised six children with benign epilepsy of childhood with centrotemporal spikes, five with frontal lobe epilepsy, four with temporal lobe epilepsy and nine with focal epilepsy, not otherwise specified. Epilepsy diagnostic classification was determined by a paediatric epileptologist who reviewed all available medical records, including EEG studies and seizure semiology and was blinded to results from neuropsychological evaluation and MRI. For example, patients were determined to have juvenile myoclonic epilepsy if the following criteria were present: (i) 4-6 Hz polyspike and slow-wave generalized discharges; (ii) history of myoclonic jerks; and (iii) history of generalized tonic-clonic seizures. Benign epilepsy of childhood with centrotemporal spikes was diagnosed by the presence of either simple partial seizures during the waking hours or tonic-clonic convulsive seizures at night associated with the presence of centrotemporal spikes on EEG, occurring independently in the right and left centrotemporal regions. Activation of spike wave charges with sleep was also considered a feature suggestive of this syndrome. Similar rigorous application of electroclinical criteria was used in the characterization of the other LRE (temporal lobe, frontal lobe) and generalized syndromes (childhood and juvenile absence epilepsy).
Control participants were age and gender-matched first-degree cousins. Criteria for controls included no histories of (i) any initial precipitating event (e.g. simple or complex febrile seizures); (ii) seizure or seizure-like episode; (iii) diagnosed neurological disease; (iv) loss of consciousness 45 min; or (v) other family history of a first-degree relative with epilepsy or febrile convulsions. Of the initial cohort, 94% was retained and returned for prospective evaluation.
This study was reviewed and approved by the Institutional Review Board of study institution and on the day of study participation families and children gave informed consent and assent, and all procedures were consistent with the Declaration of Helsinki (World Medical Association, 1991) . Table 1 provides the demographic characteristics of the research participants at baseline. Healthy children group was marginally older than LRE group (P = 0.07; t-test) and marginally younger than the IGE group (P = 0.04; t-test); however, the group age difference between LRE and IGE was statistically significant (P = 0.001; t-test). There were no significant differences between the epilepsy and control groups in gender (all P 4 0.76; Fisher's exact test). Although there was no significant difference between the duration of epilepsy between LRE and IGE groups, children with LRE had significantly earlier onset age compared to the ones with IGE (P = 0.002; t-test).
The IQ scores for all groups fell in the average range. Statistically, the LRE and IGE groups were not significantly different (i.e. all P 4 0.32; t-test), while the LRE group was marginally lower than the controls (P = 0.06 for verbal IQ, P = 0.06 for performance IQ and P = 0.04 for full-scale IQ; t-test), and the IGE group scored significantly lower than controls (P = 0.01 for verbal IQ, P = 0.008 for performance IQ, and P = 0.004 for full-scale IQ; t-test), but again all scores were average.
The LRE and IGE groups were not statistically different in terms of percentage of children with attention-deficit/hyperactivity disorder (P = 0.29; Fisher's exact test). Finally, the proportion of children with LRE on an anti-epileptic drug was lower compared to the IGE group (P = 0.009; Fisher's exact test). In the current sample, there are no differences in volumes between those not treated with valproate and those treated with valproate, commonly the first-line treatment of choice in IGE (Sullivan and Dlugos, 2004) . In addition, no volume differences were evident between children whose first medication was valproate and children that valproate was not used as the first anti-epileptic drug. If anti-epileptic drug effects were present, they were uniform across subjects and not dependent upon drug type. It should also be noted that the IGE subjects had a relatively short exposure to anti-epileptic drugs (i.e. 1-12 months) at baseline (Publisher et al., 2010) .
Magnetic resonance image acquisition
Baseline and 2-year follow-up magnetic resonance brain images for each participant were obtained on a 1.5 T GE Signa magnetic resonance scanner. Sequences acquired for each participant included: T 1 -weighted, three-dimensional (3D) spoiled gradient recalled acquisition with the following parameters: echo time = 5 ms, repetition time = 24 ms, flip angle = 40 , NEX = 1, slice thickness = 1.5 mm, Neurodevelopmental changes in LRE and IGE Brain 2011: 134; 1003-1014 | 1005 slices = 124, plane = coronal, field of view = 200 mm, matrix = 256 Â 256. A required change to another 1.5 T GE scanner was made during the course of the study, but only the baseline imaging data and an equal proportion of children with epilepsy (and LRE and IGE) and healthy controls were involved in this change. In addition, phantom studies revealed 51% volume difference between the GE machines. A supplementary analysis (i.e., voxel-wise analysis of baseline DBM data) of healthy children yield no statistically significant bias due to change in scanner.
Preprocessing of the structural magnetic resonance images
The skull, scalp, extra-cranial tissue, meninges and brainstem (at the level of the diencephalon) were removed from each magnetic resonance brain image data using the automated Brain Surface Extractor software (Shattuck and Leahy, 2002) followed by a quality check. The remaining image volume was then corrected for intensity inhomogeneity using the non-parametric non-uniform intensity normalization (N3) technique (Sled et al., 1998) .
Creation of maps of differences in baseline neurodevelopmental state
A large deformation mapping technique based on fluid-flow warping was used to spatially normalize baseline brain images to a template image. The baseline brain image of a healthy male child of age 12 years (i.e. mean age of the study population) was selected as the template image rather than a group average in order to retain the finest anatomical structures in the template for accurate registration (Kochunov et al., 2002) . The first step in the baseline spatial normalization was to affine align the baseline brain images and the reference brain image to adjust for global differences in brain positioning and scale across individuals. We then generated non-linear inverseconsistent fluid-flow deformation between each affine aligned baseline brain image and the reference image (Joshi et al., 2004) . The Jacobian matrix of the deformation field was estimated at each voxel. The determinant of the Jacobian matrix was calculated to estimate the fractional volume contraction or expansion at each voxel, quantifying the baseline differences in neurodevelopmental state for each participant relative to the reference brain image.
Creation of maps of prospective neurodevelopmental change within participants
Each participant's brain image at 2-year follow-up was coregistered with a six-parameter transformation to the participant's baseline brain scan at the time of diagnosis. The fluid-flow-based non-linear inverse-consistent deformation algorithm was used to create deformation field maps of prospective neurodevelopmental change between scans at the time of diagnosis and 2-year follow-up scans of each participant. The Jacobian matrix of the deformation field was estimated at each voxel. The determinant of the Jacobian matrix was calculated to estimate the fractional volume contraction or expansion as a measure of prospective neurodevelopmental change at each voxel evaluated in the baseline brain image space. Resulting individual prospective neurodevelopmental change maps were then mapped from the participant's baseline image space to the reference image space by first applying the affine transformation matrix and then the fluid-flow deformation field estimated for the baseline spatial normalization.
Statistical analysis
Jacobian maps encoding group differences in baseline status and prospective change over the 2-year period were smoothed with a Gaussian spatial kernel with a maximum filter width of 12-mm full-width half-maximum in the reference image space. Using these spatially normalized and smoothed Jacobian maps, we performed voxel-wise statistical tests between groups. The Jacobian maps for children with epilepsy (i.e. IGE and LRE groups separately) were compared to those for healthy children using voxel-wise tests. Specifically, the Jacobian map of prospective anatomic change was regressed using a general linear model at every brain tissue voxel against a categorical variable coding group membership as a predictor and age and gender as spatially constant covariates and Jacobian maps of baseline status as a spatially varying covariate. Intracranial volume was not accounted for in the general linear model since Jacobian maps of baseline status were estimated using affine aligned brain images. As supplementary results, the effects of epilepsy on baseline status and prospective 2-year change were tested using separate general linear models with age and gender as covariates. Voxel-wise tests were individually controlled for multiple comparison with a false discovery rate of q 5 0.05 (Benjamini and Hochberg, 1995) , and at each voxel, we evaluated the significance level of group differences using a two-sample t-test with unequal variance. The resulting P-values were displayed as maps to visualize patterns of significant group differences throughout the brain.
Results Figure 1 illustrates the average prospective neurodevelopmental changes for healthy children, children with LRE and children with IGE, separately. Over a 2-year period, healthy children displayed reduction in grey matter volume throughout the cortex, more pronounced in the frontal, parietal and temporal regions, and increase in white matter volume throughout the brain. Regionally specific deviations from these normal neurodevelopment rates were Figure 1 Within group average neurodevelopmental rates.
observed in both LRE and IGE groups as shown in the middle and bottom panels of Fig. 1 , with the details of these deviations specified in the following sections. Uncorrected z-score maps (thresholded at |z| 4 3.0; 99.9% cumulative probability) of single subject's neurodevelopmental rates against healthy children's neurodevelopmental rates are also provided for sample subjects in Fig. 2 . These figures demonstrate how these sample subjects' neurodevelopmental rates deviate from the mean neurodevelopmental rates observed in the healthy children population. While slowed grey matter tissue loss localized to the frontal and parietal cortical regions was observed in the sample child with LRE, widespread slowed grey matter tissue loss and slowed rates of white matter expansion was evident in the sample child with IGE.
Localization-related epilepsies prospective neurodevelopmental change compared to healthy children of single subject's neurodevelopmental rates against healthy children's neurodevelopmental rates.
Neurodevelopmental changes in LRE and IGE Fig. 3 shows the corrected statistical maps at q = 0.05 for prospective 2-year brain change in LRE compared to healthy controls overlaid on the reference magnetic resonance brain image. Grey matter tissue loss was slowed in the left superior frontal, left middle frontal, left lateral fronto-orbital, left middle temporal, right inferior parietal, bilateral superior parietal, and left supramarginal regions, with slowed ventricular and bilateral hippocampal volume expansion and moderate slowing of left cerebellar white matter and corpus callosum expansion. After accounting for the LRE-control baseline brain status differences, the bottom panel of Fig. 3 reveals slower grey matter tissue loss in the LRE group only in the left superior parietal and left middle frontal regions. After accounting for the baseline brain status differences, the LRE group also exhibited marked reductions in the ventricular, hippocampal and corpus callosum volume expansion rates.
Idiopathic generalized epilepsies prospective neurodevelopmental change compared to healthy controls
The top panel of Fig. 4 shows the baseline status of the children with IGE compared to the healthy control group. As can be seen, larger grey matter tissue volumes and smaller white matter tissue volumes were evident throughout the frontal, parietal, and temporal regions including subcortical structures with smaller grey matter tissue volumes in the medial orbito-frontal region in the IGE group compared to the healthy group. In addition, there were baseline abnormalities in the cerebellum including larger cerebellar grey matter tissue volume in the right anterior lobe and left VIIA and VIIB posterior lobes, with smaller cerebellar grey matter and white matter tissue volumes in the tonsil, and VIIIA, VIIIB, IX, X posterior lobes bilaterally. The middle panel in Fig. 4 shows the corrected statistical maps for the 2-year neurodevelopmental Figure 4 Healthy children versus children with IGE differences in baseline status (A) and in terms of prospective change when baseline findings are not controlled for (B) or are controlled for (C) in the model. GM = grey matter; WM = white matter.
change comparison of IGE and healthy groups overlaid on the reference magnetic resonance brain image. Over this interval, the rate of grey matter tissue loss in IGE was slower than controls in regions of the frontal lobe (precentral, middle fronto-orbital, middle frontal, and inferior frontal predominantly in the left hemisphere) and parietal lobe (postcentral and superior parietal in the left hemisphere). Rates of white matter expansion were also significantly slowed in IGE compared to controls, affecting frontal as well as temporal and parietal regions and corpus callosum. Conversely, greater volume decline in IGE compared to controls was evident in the grey matter of cerebellum (right VI posterior lobe, left IV and V anterior lobes, and left IX posterior lobe), brainstem, pons, and several subcortical structures (thalamic nuclei, putamen, hippocampus, caudate, and amygdala). Finally, additional areas of greater grey matter volume loss were evident in discrete cortical regions including bilateral cuneus, left precuneus, left posterior cingulate, right inferior temporal, left lingual, left fusiform, left parahippocampal, bilateral inferior parietal and bilateral inferior occipital regions. After accounting for the baseline differences, prospective neurodevelopmental change differences between the IGE and control groups were more pronounced including regions with slowed rate of reduction in grey matter volume reflected in the bottom panel of Fig. 4 . Still evident was significantly slowed white matter expansion but with a smaller spatial extent (middle and bottom panels of Fig. 4 ). In addition, by including the baseline differences in the regression model, we also detected regions in left cerebellar white matter with slowed expansion.
Discussion
Four primary findings result from this examination of baseline and prospective differences in brain structure in children with new and recent onset idiopathic epilepsies compared to healthy controls. First, children with epilepsy demonstrate differences from controls in baseline grey and white matter volumes suggesting anomalies in brain development antecedent to the onset of seizures, as well as abnormal patterns of prospective brain development that involve not only slowed white matter expansion as reported previously, but now shown here to be more extensive with involvement of both greater and lesser volume changes in the cortical grey matter regions. Second, these abnormal neurodevelopmental changes extend outside the cortex and involve several subcortical structures (thalamus, putamen, caudate, amygdala, and hippocampus) as well as corpus callosum, cerebellum, brainstem, pons and ventricles. Third, there are significant differences between the epilepsy syndromes (LRE and IGE) in the evident patterns of altered brain development, the IGE group showing a more disrupted pattern of neurodevelopmental change over the 2-year interval. Finally, as predicted, controlling for baseline abnormalities alters the view of prospective brain changes. Specifically, controlling for baseline differences attenuates prospective abnormalities for the LRE group but not for the IGE group. This observation suggests static hit to neurodevelopment of LRE group at the disease onset that simply persists and does not worsen over time while the disease display a dynamic effect on IGE group. These findings will be discussed below.
Changes in white matter expansion and grey matter contraction
The longitudinal deformation-based morphometry technique used in this study demonstrated the expected white matter expansion and grey matter contraction as well as changes in subcortical structures and cerebellum in normal neurodevelopment in the healthy controls (top panel of Fig. 1 ). Against this backdrop, abnormalities in prospective brain development were evident among the children with epilepsy in their patterns of white matter expansion and grey matter tissue loss.
A major finding is the slowed pattern of white matter expansion in the children with epilepsy over the 2-year interval, an effect observed prominently in children with IGE. As hypothesized, the slowed white matter expansion was evident in the frontal regions, but shown here to be more widespread than initially reported (Hermann et al., 2010) with abnormalities detected in the corpus callosum and temporal and parietal regions, prominent in the left hemisphere. This altered expansion of cerebral white matter in children with new and recent onset epilepsy is an important finding for both clinical and theoretical reasons. Abnormalities in cerebral white matter volumes have been reported in adults with chronic childhood/adolescent onset temporal lobe epilepsy, a finding we suggested reflected neurodevelopmental vulnerability associated with an early insult and/or recurrent seizures to the developing brain (Hermann et al., 2002; Seidenberg et al., 2005) . Cross-sectional investigations of specific white matter tracks such as the corpus callosum demonstrated that volumetric abnormalities are more notable in adults with childhood versus later onset of recurrent seizures (Hermann et al., 2003; Weber et al., 2007; Riley et al., 2010) , but a direct confirmation of this effect remained to be demonstrated.
There is now direct evidence of white matter abnormalities in children with chronic epilepsy. Recent investigations of white matter microstructure using diffusion tensor imaging have characterized distributed abnormalities in the context of lateralized LRE (Govindan et al., 2008) , reported decreased anistropy in all four white matter tracts investigated (corticospinal tract and the uncinate, arcuate, and inferior longitudinal fasciculi) both ipsilateral and contralateral to side of seizure onset in children with left temporal lobe epilepsy. In addition, an association was detected between duration of epilepsy with 3 of 4 tracks ipsilateral to side of onset suggesting a progressive component. Nilsson et al. (2008) reported bilaterally increased parallel and perpendicular diffusivity with preserved fractional anisotropy in the white matter of temporal lobe and cingulate gyrus in children with temporal lobe epilepsy. Lastly, we recently reported microstructural abnormalities in new onset childhood epilepsy (Hutchinson et al., 2010) , suggesting that these abnormalities were evident early in the course of epilepsy. Interestingly, radial but not axial diffusivity was altered in some areas of interest (e.g. posterior corpus callosum). Although there is no definitive microstructural change certain to underlie this pattern, there are a growing number of diffusion weighted MRI Neurodevelopmental changes in LRE and IGE Brain 2011: 134; 1003-1014 | 1009 studies relating altered radial diffusivity to myelination abnormalities (Song et al., 2005; Budde et al., 2007) and showing a reduction of radial diffusivity during normal white matter development in humans thought to correspond to compacting fibres and myelination (Snook et al., 2005; Alexander et al., 2007; Hasan et al., 2009) .
Also as suspected, we identified differences in the pattern of grey matter thinning in the children with epilepsy compared to controls, again with many similarities but some differences between LRE and IGE groups. The IGE group in particular showed cortical regions expressing both larger tissue loss (most pronounced in the left parietal and temporal regions) as well as smaller tissue loss (in bilateral frontal and parietal regions) than expected compared to healthy controls. These areas were not detected in the previous report where only volumes of total lobar grey matter volumes were examined. Localization of greater grey matter tissue loss in the left temporal and parietal lobes is particularly interesting given the role of this brain region in language and evidence for both mild diffuse cognitive and linguistic impairment, as well as academic underachievement exhibited by children with epilepsy regardless of epilepsy syndrome (Hermann et al., 2006; Caplan et al., 2009a, b) . The between group differences in the rate of grey matter tissue loss in the frontal and parietal regions might reflect the role these regions play in linguistic competence (Thiebaut de Schotten et al., 2005) .
We observed fairly asymmetric areas of abnormality in baseline brain status with a larger left hemisphere effect in the LRE group. Compared to pronounced smaller baseline cerebellar grey matter tissue volume in IGE group, we observed more modest effects prospectively even after accounting for baseline neurodevelopmental stage differences. The abnormal patterns of grey matter thinning in IGE group are more limited in cerebral cortex and are bilateral in nature affecting the frontal, parietal and temporal regions. In contrast, the children with LRE, consisting of children with benign epilepsy of childhood with centrotemporal spikes and temporal and frontal epilepsies, show more anterior prospective grey matter abnormalities.
Developmental abnormalities in subcortical structures and posterior fossa
Extremely interesting, and unanticipated, were the abnormal developmental trajectories in several subcortical structures and especially cerebellum. The finding of abnormal cerebellar development is particularly interesting. Cerebellar atrophy is often noted in adults with chronic epilepsy, a finding reported in neuropathological investigations of institutionalized epilepsy patients dating back to 1825 (Honavar and Meldrum, 2002) and clearly evident prior to the availability of phenytoin. However, with the introduction of phenytoin it quickly became evident that cerebellar atrophy could be linked to drug effects in both human and animal investigations (Finkleman and Arieff, 1942; Utterback et al., 1958; Kokenge et al., 1965; del Cerro and Snider, 1967; McLain et al., 1980; Lindvall and Nilsson, 1984) . However, none of the children with IGE were treated with phenytoin.
Dam and colleagues and others refocused interest on the role of seizures and seizure-induced hypoxia in the aetiology of cerebellar atrophy, marshalling both animal and human data to support this view (Dam, 1966 (Dam, , 1970 Dam and Nielsen, 1970; Dam et al., 1984; Nielsen et al., 1971) . Further suggestion of direct seizurerelated mechanisms came from investigations of patients with frequent partial epilepsies where hypoxia was uncommon, yet who exhibited cerebellar atrophy (Salcman et al., 1978; Ney et al., 1994) . However, these children with IGE do not have particularly frequent or severe seizures.
Considered infrequently were the potential effects of initial aetiological insults and/or early neurodevelopmental factors on cerebellar development (Gessaga and Urich, 1985; Ney et al., 1994) . Very few investigations of childhood epilepsy have examined the cerebellum (Lawson et al., 2000a, b) , none in new/recent onset children and none in a prospective fashion. The baseline abnormalities in cerebellar structure, as well as the further abnormalities in cerebellar development, especially evident in the posterior inferior and anterior inferior cerebellar regions, were most notable in the children with IGE. More generally, the findings clearly indicate a neurodevelopmental contribution to this commonly noted anatomic abnormality.
Volumetric abnormalities of the thalamus have been reported in children and adults with IGE (for review see Pulsipher et al., 2009 ), but little has been known regarding the origin of this abnormality and its development over time. Studies of children with new onset epilepsy have indicated that abnormalities in thalamocortical connectivity are present early in the course of the disorder and here we show further prospective abnormalities in thalamic development. This early and then progressive change may underlie the thalamic abnormalities detected later in the course of IGE (Bernhardt et al., 2009) . How thalamic abnormalities contributes to further alterations in cognition in children with IGE remains to be determined.
Localization-related epilepsies versus idiopathic generalized epilepsies
Abnormalities in both baseline and prospective brain development were clearly more evident in the children with IGE than LRE. This may be due to the fact that the LRE group was composed of children with a diversity of localization-related syndromes (frontal, temporal, and benign epilepsy of childhood with centrotemporal spikes), which may have obscured the developmental abnormalities inherent in any one group. It is important to mention that the findings in IGE group represent primarily juvenile myoclonic epilepsy as 14 of 20 children with IGE were diagnosed with juvenile myoclonic epilepsy. We are currently in the process of expanding the size of the cohort so that finer investigation of specific syndromes within LRE and IGE can be examined in detail. However, the inclusion of the LRE group suggests that the more diffuse abnormalities observed in children with IGE are likely not due to the non-specific effects of medications or episodic seizures. That said, it might be the case that the generalized nature of the epileptic process and seizures in IGE, as well as possible compensatory changes made in reaction to this form of epilepsy, may be contributing directly to the diffuse anatomic findings.
The effects of anti-epileptic drugs on human brain structure and neurodevelopment remain to be clarified. There are several studies in the animal literature that suggest anti-epileptic drugs may affect cell proliferation, differentiation, and migration, as well as other processes such as myelination and they may cause neurodegenerative changes in regions such as the thalamus (Ikonomidou and Turski, 2010) . It is unknown how well this research translates to individuals beginning anti-epileptic drug treatment in late childhood and adolescence, as there is no literature indicating antiepileptic drug-induced grey matter loss in children with post-natal only exposure to anti-epileptic drugs.
However, case reports have noted pseudoatrophy and/or encephalopathy in persons with epilepsy or other conditions (McLachlan, 1987; Guerrini et al., 1998; Galimberti et al., 2006; Abreu et al., 2009) . However, these were all average IQ children at baseline and there is no cognitive decline in the children with IGE or other children at follow-up.
In IGE, involvement of the precentral gyrus might reflect source and inferior frontal and superior temporal spread of IGE (Holmes et al., 2010) . Widespread involvement in IGE is commensurate with this being a 'generalized' seizure disorder. Spread in LRE appears to be more anterior and into the limbic system. Involvement of frontal and temporal regions in IGE and LRE, and parietal in IGE could help to explain cognitive and linguistic deficits, as well as attention deficits found in IGE and LRE. Thalamus and cerebellum also play an important role in attention, language, and cognition.
Conclusion
In summary, this combined baseline and prospective investigation of brain structure in children with idiopathic LRE and IGE reveals abnormalities in brain structure detected shortly after diagnosissuggesting anomalies in brain development occurring prior to the diagnosis of epilepsy. Monitoring of trajectories of brain development over the 2 years following the diagnosis of epilepsy reveals abnormally affected cerebral white matter expansion, over and under reduction or 'pruning' in cortical grey matter volume, and abnormal developmental trajectories for important subcortical structures (thalamus), cerebellum, and other neural areas. Several potential limitations as well as opportunities for future research should be mentioned.
While abnormal prospective trajectories were detected, the interval of follow-up was modest (2 years). Longer follow-up would be of particular interest, especially with regard to whether some children with epilepsy might eventually 'catch up' with controls as has been described in some neurodevelopmental disorders (Shaw et al., 2007) . The abnormalities described here occur in the context of active epilepsy (ongoing recurrent seizures or control using anti-epilepsy medications). Rates of remittance are known to be favourable in cohorts such as these (Berg et al., 2001 ) and longer term follow-up with examination of brain development in relation to cessation of seizures and medications may prove extremely informative. Such long-term outcomes would address the issue of whether these represent reversible maturational lags.
Second, significant changes are occurring in the cognitive development of children within the age range represented in this investigation (8-18 years). Very little is known regarding the relationship between normal neurodevelopmental alterations in grey and white matter change and how they are linked to specific improvements in mental status in epilepsy. One would anticipate a degree of symmetry between patterns of neurocognitive change and age-appropriate brain development and this area of research remains to be addressed in childhood epilepsy.
Long-term follow-up (30 + years) of children with uncomplicated epilepsy, including those no longer treated with medications, has shown that such patients do not do as well in several aspects of adult life performance compared to matched healthy controls (Sillanpaa et al., 2004) . Perhaps these very early neurodevelopmental abnormalities, even if reversible in part, may place some limitations on the development of important life skills.
Finally, group analyses presented in this work aim to identify common regions of the brain where there are statistically significant abnormalities; however, in disease many regions of the brain are involved, and involvement is heterogeneous and differs among subjects. Therefore, subtle changes in multiple regions, which might not be significant on a group analysis, might interact with each other to produce significant clinical effects. Further studies using single-subject analysis techniques need to be pursued in order to capture such subject-specific morphometric abnormalities.
